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Abstract 

We study a possibility of the Higgs boson, which consists of an SU{2) doublet and a septet. The vacuum 
expectation value of a septet with hypercharge y = 2 is known to preserve the electroweak rho parameter 
unity at the tree level. Therefore, the septet can give significant contribution to the electroweak symmetry 
breaking. Due to the mixing with the septet, the gauge coupling of the standard-model-like Higgs boson is 
larger than that in the standard model. We show the sizable VEV of the Higgs septet can be allowed under 
the constraint from the electroweak precision data. The signal strengths of the Higgs boson for the diphoton 
and a pair of weak gauge boson decay channels at the LHC are enhanced, while those for the fermonic decay 
modes are suppressed. The mass of additional neutral Higgs boson is also bounded by the current LHC 
data for the standard model Higgs boson. We discussed the phenomenology of the multiply charged Higgs 
bosons, which come from the septet. 

PACS numbers: 12.15.Lk, 12.60.Fr 
Keywords: Higgs boson 



'Electronic address: 
^Electronic address: 



hisano® eken . phy s .nagoya- u . ac . j p 



ko2@eken.phys.nagoya-u.ac.jf 



I. INTRODUCTION 



The Higgs boson has been discovered at the LHC ||T|, . However, the detailed information such 
as interaction strengths with each particle have not yet been tested very precisely. The most evident 
signal excess compared with the background at the both experiments (ATLAS and CMS 0|) 
has been observed in the diphoton decay channel of the Higgs boson. So far the reported rates 
of this channel are larger than the value predicted in the standard model (SM). The second best 
excess was discovered by )• 4i) decay mode. We have also seen the small excess in the WW 

decay channel. The fermonic decay modes of the Higgs boson have not yet established directly. 

The Higgs sector of the SM is still uncertain, which can be extended in various ways. One of 
the promising extension is the supersymmetry, which is motivated by the stability of the Higgs 
boson mass under the quantum corrections. In this model, the Higgs sector is required to have 
even number of the doublet. Another interesting extension is the Higgs triplet model which 
consists of the SM Higgs doublet and a Higgs triplet with Y = 1. In this model, Majorana neutrino 
masses are generated from the small vacuum expectation value (VEV) of the triplet. Since there 
are many extensions of the SM, we need to discriminate them from each other at further precision 
measurement of the Higgs boson. 

The Veltman's rho parameter has been measured very precisely. It would be a good guiding 
principle to construct the beyond the SM. For an arbitrary number of SU{2) scalar multiplets, 
which have an isospin j^, a hypercharge and a VEV v^p, the rho parameter at tree level is 
calculated as 

The precision measurement suggests p is very close to unity. In the SM, the Higgs doublet {j^ = 
i and = i) predicts p = 1. The multi doublet extensions of the SM, e.g., the minimal 
supersymmetric standard model, also predict /> = 1 at tree level. It is known that the next 
minimal representation, which satisfy p = 1, is a septet with = 2, and the next next minimal 
one is a 26-plet with = ^. In the usual Higgs representation, the VEV is bounded to be small. 
For instance, in the Higgs triplet model which consists of a doublet and a triplet Higgs fields, the 
VEV of the triplet is constrained to be less than 3 GeV (2cr level) from po = 1.0004+[j;[][J|]^ [§, 
where po = p/psM- If we allow the cancellation among various contributions, the rho parameter 
can remain unity 

In this paper, we construct a framework of the low energy effective theory, which contains a 
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Higgs doublet and a Higgs septet with sizable VEVs. The electroweak sector of the model is 
extended due to the presence of the septet, while keeping the rho parameter unity at tree level. 
The model is consistent with the electroweak precision data based on the S and T parameter 
analysis. The gauge coupling of the SM-like Higgs boson can be largely deviated from the SM 
value due to the mixing with the septet component. The signal strengths of the Higgs boson for 
the diphoton and for the weak gauge boson pair decays can be enhanced, while those for fermonic 
decay channels are suppressed. Additional Higgs bosons appear in the weak scale and would be 
discovered at the LHC. In particular, the singly charged Higgs boson can be produced by the W^Z 
fusion mechanism. 

This paper is organized as follows. In Section II, we present a model which consists of a Higgs 
doublet and a Higgs septet. The electroweak precision constraints, and the signal strengths of 
the Higgs bosons at the LHC are studied in Section HI. The characteristic signatures of the extra 
(septet-like) Higgs boson are discussed. Conclusions and discussion are given in Section IV. 

II. THE MODEL 

A scalar septet field (x) with y = 2 is introduced to the SM in addition to the SM Higgs doublet 
($) with Y = 1/2. The Higgs potential is given by 

V = - + M^Vx + A($t$)2 _ ^{(;^$5^*) ^ jj.c.} 

4 2 

+ ^XA{xhxh)A + ^HB(,^^^X^x)B, (2) 
A=l B=l 



where 



and 



{^^^X^X)l = r^iX^^^'^'^Xa.cd.f. (3) 

{^^^Xh)2 = r^,X*'^'""''Xial>cde, (4) 

{Xhx^x)i = x"^'^™"x.,«„.„X*"^XaW> (5) 

ix^xx^x)2 = X XijklmfX Xabcdeni (6) 

X XijklefX Xabcdmni (7) 

(x'^xx'^x)4 = X XijkdefX Xabclmny (8) 
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FIG. 1: Radiative generation of dimension seven operator, from the renormalizable UV theory. 

with $1 = and ^2 = {^2 + /i2 + iz2)l\pi. We here introduce the symmetric tensor notation 
of the septet field as Xiiiiii = Xs, X111112 = X2/\/6, X111122 = X111222 = Xo/\/20, 

X112222 = X122222 = X-2/\/6, andx222222 = X-3 withx-2 = (w7+/i7+« ^;7)/\/2. Although 

the Higgs septet can break the electroweak symmetry properly, the Higgs doublet is required for 
the mass generation of SM fermions. Without a non-renormalizable term with mass dimension 
seven, x*^^*^'*) the Higgs potential is conserved under an accidental global ?7(1) transformations 
of the doublet and the septet, separately. Therefore, a breaking term of the global symmetry is 
added in order to avoid an exact massless Nambu-Goldstone boson. 

As an example, the dimension seven operator can be generated from the one loop contribution 
given in FIG. |l] by introducing two scalar quintuplets S/^//(y = 1) and a scalar triplet A(y = 0), 
which are odd under the extra discrete symmetry. The renormalizable Lagrangian related to this 
one loop diagram is given by 

= /^Xabcde/Sr'^S^f ^^6,, + $,$,(C, E^^'^' + C,, S*f + / $ a$*'A*-A,, + H.C, (10) 

where is a soft breaking mass parameter of the global symmetry, and Ci n and / are the 
coupling constants. In the following discussion, we take into account the dimension seven operator 
instead of specifying the UV completion of the model without limiting the generality of the low 
energy effective theory^. 

If My < 0, the Higgs septet and the Higgs doublet develop the VEVs independently. In this 
case, there are possibilities of the charge breaking vacua. In addition, the stability of the vacuum 
is unclear even in the charge conserving vacuum. In this paper, we consider the case with > 0, 

^ Phenomenology of the UV theories including the dark matter will be studied 0|. 
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where the VEV of the Higgs septet is induced through the higher dimensional operator, 

- 24 A3M^- 



(11) 



The VEVs of the Higgs doublet and septet are automatically aligned so that the charge conserving 
vacuum is realized. Further, we assume that Ai_4 and K1.2 in the Higgs potential are sufficiently 
small for simplicity. In this case, we can parametrize the model by only two parameters with the 
SM-like Higgs boson mass as shown later. Let us remind you that the septet quartic coupling 
constants generically produce mass splittings among the septet-like scalar bosons, and the latter 
coupling constants generate mixings between the doublet and the septet. In the following dis- 
cussion, we mostly neglect the effect of Ai_4 and ki,2) but a few important implications will be 
mentioned in the relevant parts. 

The mass matrices for the scalar sector are diagonalized by 

(12) 

\ I Ca — ,Sn \ I z\ 

(13) 




4 4 



4 4 u 



V 



1 







C/3 

1 

\sp c/3 y 



Hi 



(14) 



where z and uj^ are the electroweak Nambu-Goldstone bosons, the ratio of VEVs, tan (3 = f 2/(4^7), 
and the CP even scalar boson mixing, a. Note that the doublet VEV is dominated in the large 
tan/3 limit. Mass eigenvalues are calculated as 



2 ta 

3 t 



M. 



7! 



1 - # i^)M. 



2 t 



7 ; 



2 2 



M- 



7 ' 



(15) 
(16) 
(17) 
(18) 



where xs = H^^ , X2 = H'^^ 



Xi 



^3H 



Xo 



There are four input parameters. We here 



choose V = {V^Gp) 



-1/2 



, mfi = 126 GeV, M7 and tan /3. The electroweak interactions of these 



scalar bosons are determined straightforwardly. 

In FIG. ^, masses for H (left), A and (right) are shown as functions of tan/3. The solid, 
dashed, dotted and dot-dashed curves denote the cases for M7 = 150, 200, 300 and 500 GeV, 
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FIG. 2: Masses for H (left), A and i/f (right) are given as functions of tan/3. The solid, dashed, dotted 
and dot-dashed curves correspond to M7 = 150,200,300 and 500 GeV, respectively. 





m^) [GeV] 


tan /3 = 3 tan (3 = 5 


tan/3 = 10 tan/3 = 20 


My -- 


= 150 GeV 


(204., 158.) (171., 153.) 


(156., 151.) (151., 150.) 


My = 


= 200 GeV 


(238., 211.) (214., 204.) 


(204., 201.) (202., 200.) 


My = 


= 300 GeV 


(343., 316.) (316., 306.) 


(304., 301.) (302., 301.) 


My = 


= 500 GeV 


(563., 527.) (523., 510.) 


(506., 502.) (503., 501.) 



TABLE I: Masses of the heavy CP even and CP odd Higgs bosons are listed for My = 150, 200, 300 and 500 
GcV. 

respectively. They coincide vi^ith My value at the large tan (3 region. Mass splittings can be large 
in the small tan/3 region, and rrijj > is satisfied. We can see from Eq. ( [Tl| ) the UV completion 
of the dimension seven operator spoils rapidly for tan /3 <^ 1. As for the reference, the values of 
rrijj and are listed in TABLE. |. 

Let us discuss the modification of the Higgs coupling constant. The correction factors for the 
gauge interaction of the CP even Higgs bosons are given by 

Cy = S/3C„ -4C/3S„, (19) 
= S^So^+iCpCa. (20) 

The factors are normalized by the SM Higgs boson coupling constant, i.e., Cy = X,j,vv / ^H^j^vv ■ 
Similar correction factors for the Yukawa interaction are also given by 

= cjsp, (21) 
C# = sjs^. (22) 
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M7=150GeV M7=200 GeV 
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FIG. 3: Correction factors for the gauge and the Yukawa couphng constants of the CP even Higgs bosons 
are presented as functions of tan /3 for M7 = 150 GeV (top-left), M^ = 200 GeV (top-right), = 300 GeV 
(bottom- left) and M-j = 500 GeV (bottom-right). The solid, dotted, dashed and dot-dashed curves express 
C(>, C^, Cf and C|f, respectively. 

These expressions are the same as in the so-called Type-I two Higgs doublet model |[TT[| . 

In FIG. |, we show the modification factors, Cy and C^, of the CP even Higgs boson {(j) = h, H) 
for M7 = 150 GeV (top-left), M7 = 200 GeV (top-right), Mj = 300 GeV (bottom-left) and 
Mj = 500 GeV (bottom-right). The solid, dotted, dashed and dot-dashed curves represent Cy, 
Cp, Cy and Cp , respectively. Since the doublet VEV is dominated in the large tan/3 region, the 
coupling strengths of h become SM-like, while those of H vanish. The maximal value of Cy is four, 
which is determined by the hypercharges of the septet and the doublet. The gauge interaction of 
the SM-like Higgs boson is greater than one for the all plots because of the mixing with the septet 
component. 
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FIG. 4: Oblique corrections are evaluated as functions of tan/3. The solid, dotted, dashed curves represent 
the cases for Afy = 150, 200 and 300 GeV, respectively. 



(AS*, AT) 



My 


= 150 GeV 


Mt 


= 200 GeV 


Af7 


= 300 GeV 


Af7 


= 500 GeV 



tan /3 = 3 tan /3 = 5 tan ;3 = 10 tan /3 = 20 



(-0.13, 0.019) (-0.05, 0.007) (-0.013, 0.002) (-0.003, 0.) 

(-0.14, 0.050) (-0.05, 0.019) (-0.014, 0.005) (-0.003, 0.001) 

(-0.14, 0.088) (-0.05, 0.033) (-0.013, 0.008) (-0.003, 0.002) 

(-0.15, 0.14) (-0.06, 0.053) (-0.014, 0.013) (-0.004, 0.003) 

TABLE II: Obhque corrections to S and T parameters are listed for Mj = 150, 200, 300 and 500 GeV. 
III. PHENOMENOLOGY 



In this section, we investigate the current experimental constraint from the electroweak precision 
data and also from the Higgs boson searches at the LHC. The LHC signatures of the model are 
also studied. 

We begin with the constraint from the electroweak sector. In this model, the oblique correc- 



tions [10 1 from the scalar bosons are calculated as 



h\2 rihZ' _|_ (^Cy)'^ G^^' 



+ 30 c| G^'^^' + 30 s| F^^"^' 



V2Gf 



i In m^± - 15 In m^± + (4 - Co,cp)F^^' + (4 c^S/j + s^c^j)^^^'] , (23) 
[{C^ f AG'' + (C^ f AG^ - 15 c| AG^^] , (24) 



«EM(47r)2 

where the loop functions, G^^' , F^^', and AG^, are given in Appendix. 

In FIG. ^ the deviations of the S parameter (left) and T parameter (right) are plotted for 
Af7 = 150 GeV (sohd), M7 = 200 GeV (dotted), M7 = 300 GeV (dashed) and M7 = 500 GeV 
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M7=150GeV M7=200 GeV 
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FIG. 5: Signal strengths for each Higgs boson decay mode at the LHC are shown as functions of tan /3. The 
mass scale, Afy, is chosen as 150 GeV (top-left), 200 GeV (top-right), 300 GeV (bottom-left) and = 500 
GeV (bottom-right). 

(dot-dashed) as functions of tan (3. The current experimental bounds on oblique parameters are 
AS = 0.04±0.09 and AT = 0.07±0.08 with the 88% correlation by fixing AC/ = §. In the small 
tan /3 region, relatively larger negative (positive) contributions to the S (T) parameter are found. 
For AT = 0, AS* is constrained to be larger than —0.08 (—0.11) at 68 (90)% confidence level. Prom 
the S parameter only, tan /3 > 5 is obtained. Because we are fixing the value of tan /3, these effects 
are non-decoupling for higher Mj. In fact, the largest contribution to the T parameter is seen for 
M7 = 500 GeV. As for the reference, the values of AS" and AT are listed in TABLE. ||. 

Let us turn to the LHC phenomenology. At the LHC, we have found the Higgs boson around 
126 GeV using 77 and ZZ(— t- 4i) decay channels. Since the coupling constants of the SM-like 
Higgs boson are corrected, these signal strengths can be changed. Roughly speaking, 90 % of the 
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Bbb 


Bcc 


E 


Byvw 




niH = 126 GeV 


0.56 


0.028 


0.062 


0.23 


0.029 0.085 



TABLE III: Recommended value for the Higgs boson decay branching ratios for m w — 126 GeV. 



Higgs boson come from the gluon fusion mechanism at the LHC with ^/s = 7 TeV and/or ^/s = 8 
TeV without selection cuts. Assuming the dominance of the gluon fusion production cross section, 
the signal strengths are evaluated as 

1 



^77 — 



(C^F 




+ Bcc + Brr 


+ Bgg) 
1 


+ {C^ 


)^{Bww + Bzz) 


{C^F 


)\Bbb 


+ Bcc + Brr 


+ B,,) 
1 


+ {C^ 


)^{Bww + Bzz) 



{C^y{Bbb + Bcc + Brr + Bgg) + {C^Y{Bww + B^z) 



(25) 
(26) 
(27) 



where 



R 



C^pNcQlAy2{Tt) + C^A^[T, 



w) 



NcQtAy2{rt) + Ai{t^) 
^i/2(r)=2[r + (r-l)/(r)]r-2, 
Ai{t) = -[2t2 + 3t + 3(2t - l)/(r)]r-2, 



(28) 

(29) 
(30) 



with = m|/(4m^) and 



fir) 



arcsm ^/T 

1+^ 



In 



I vr 



r < 1 



T > 1 



(31) 



The recommended values of the branching ratios of the SM Higgs boson are listed in TA- 
BLE, mi @. Because we are neglecting the interactions between the doublet and the septet 
in the Higgs potential, the (multiply) charged Higgs boson loop contributions are omitted^. 

In FIG. |5|, the signal strengths of the SM-like Higgs boson at the LHC are shown as functions 
of tan /3 for Mr = 150 GeV (top-left), Mj = 200 GeV (top-right) Mr = 300 GeV (bottom-left) and 
Mr = 500 GeV (bottom-right). The solid, dotted and dashed curves denote the signal strengths 
for 77, yy*(y = W, Z) and // decays, respectively, of the SM-like Higgs boson, h. As we have 
seen in FIG. ^, the production cross section of the Higgs boson via the gluon fusion is suppressed 
by (Cp)"^. On the other hand, the bb decay channel, which is the main decay mode of the SM Higgs 



Detailed studies of the extended scalar sector are beyond the scope of this paper. It will be shown in elsewhere 
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(m^[GeV], n^y) 


tan/3 = 5 


tan (3 — 6 


tan /3 = 7 


tan ;3 = 8 


tan /3 = 9 


tan;3 = 10 


Mr = 150 GeV 
M7 = 200 GcV 
My = 300 GeV 
M7 = 500 GeV 


(171., 0.44) 
(214., 0.21) 
(316., 0.12) 
(523., 0.12) 


(165., 0.31) 
(210., 0.15) 
(311., 0.087) 
(516., 0.084) 


(161., 0.20) 
(207., 0.11) 
(308., 0.065) 
(512., 0.063) 


(159., 0.13) 
(206., 0.089) 
(306., 0.050) 
(509., 0.048) 


(157., 0.081) 
(205., 0.071) 
(305., 0.040) 
(507., 0.038) 


(156., 0.062) 
(204., 0.059) 
(304., 0.032) 
(503., 0.031) 



TABLE IV: Signal strength for H VV decay modes are listed for M7 = 150, 200, 300 and 500 GeV. 



boson, is suppressed in the present model. Furthermore, the effective gauge coupling of the SM-like 
Higgs boson is larger than that of the SM Higgs boson. Therefore, the net contributions to fiyy 
can be enhanced. The diphoton decay mode is more enhanced than VV mode due to the enhanced 
gauge interaction and the suppressed Yukawa interaction in the loop. For Mj = 150 GeV, /x^^ can 
be close to 1.2 with tan/3 ~ 5, which is allowed by electroweak precision data. In this case, fiyy is 
close to unity, which is favored by the current experimental data. For larger M7, /x^^ can be larger 
than 1.5 in the small tan/3 region, which is however excluded by electroweak precision data. 

It is too early to discuss the precise values of the signal strengths. Qualitatively, the larger 
signal strengths for the bosonic decay modes, and the smaller signal strengths for the fermonic 
decay modes are predicted. You might consider that the enhancement of the diphoton decay rate 
is not sufficient to explain the observations at the LHC. However, in the Higgs septet there are many 
multiply charged Higgs bosons, which may further enhance diphoton signal if there are interactions 
between the doublet and the septet. 

The current LHC bound for the heavier SM Higgs boson can be rescaled to constrain the mass 
of H using Cp and Cy factors. For the heavier CP even Higgs boson, the strongest bound comes 
from the signal strength of weak gauge boson decay modes. Using the recommended values of the 



SM Higgs decay branching ratios, the signal strength is evaluated in TABLE. IV, where only the 
decay modes into the SM particles are included. The decays of H ^ AZ* and H — t- H^W^* 
give negligible contribution due to the small mass splittings. From the LHC data g, 0, the 
signal strength is constrained to be less than 0.1-0.3 for rrij^ = 150-500 GeV. For M7 ~ 200 GeV, 
tan/3 ^ 5 is allowed by current experimental data. For smaller Mj, tan/3 is required to be small 
in order to avoid the constraint from the non-discovery of such a boson. 

The smoking gun of the septet contribution would be the presence of the ZW^H^ vertex. 
This kind of the interaction is prohibited in the multi Higgs doublet models, which give p = 1 
at tree level. The higher dimensional representation can generate this vertex, however the size of 
the coupling strength is suppressed by the small VEV due to the strong constraint from the rho 
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parameter. Since the VEV of the Higgs septet with Y = 2 can be sizable, relatively large ZW^H^ 
vertex is allowed. In this model, we have 

C,= + ^ggzVCpZ^ {H^ W^'^ + H+W-^') . (32) 

Note that if the term proportional to Ki exists in the Higgs potential, also couples with ZW"^ 
via the mixing with H^. If the charged Higgs boson is sufficiently light and tan/3 < 10, Hf^ 
can be produced by W^Z fusion at the LHC [0]. The precision measurement of this coupling is 
possible at the ILC using the recoil method via e+e- ^ Z* ^ W^Hf 



The presence of the multiply charged Higgs bosons is also an interesting feature of the model. 
Due to the relatively large VEV of the septet, the doubly charged Higgs boson in this model mostly 
decays into the same-signed weak gauge bosons and is produced via W^W^ — t- H^^ process. Such 



a process has been studied |16] in the context of the Higgs triplet model and the Georgi-Machacek 
model. The multiply charged Higgs boson with electric charge higher than two has a long decay 
chain, which provide multiple weak boson final states. 



IV. CONCLUSIONS 



We have studied the model consists of the Higgs doublet with y = 1/2 and the Higgs septet 
with Y = 2. The VEVs of the doublet and the septet preserve the electroweak rho parameter 
unity at tree level without any cancellation. The presence of the Higgs septet can give substantial 
contributions to the electroweak symmetry breaking. A non-renormalizable operator is introduced 
in order to break the accidental global symmetry. A UV completion of the operator is also pre- 
sented. From the view point of the UV completion, it would be difficult to introduce much higher 
dimensional representations with a sizable VEV such as 26-plet with Y = Therefore, the Higgs 
septet would only be a realistic possibility besides doublets 

In this model, the gauge coupling constant of the SM-like Higgs boson (h) is predicted to be 
larger than that in the SM. We have shown the modified electroweak interactions due to the sizable 
VEV of the Higgs septet are consistent with the electroweak precision data. The signal strengths of 
the SM-like Higgs boson at the LHC for the diphoton and for the weak boson pair decay modes are 
enhanced, while those for the fermonic decay channels are suppressed. The mass of the additional 
CP even neutral Higgs boson (H) is constrained by the current LHC data depending on the ratio 
of the VEVs. The VEV of the Higgs septet induces sizable W^ZH^ vertex {H^ is the charged 
Higgs boson in the Higgs septet), which is forbidden in the multi Higgs doublet extension of the 
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SM and is highly suppressed by the VEV. e.g., in the Higgs triplet model. One of the interesting 
signature of the model would be the W^Z fusion production of the charged Higgs boson at the 
LHC. 

The electroweak sector of the model has been discussed in this paper. We would like to mention 
the implications of the model. As we have slightly noted the diphoton decay rate of the SM-like 
Higgs boson can be enhanced by the effects of the multiply charged Higgs boson loops. Such a effect 
generally requires larger coupling constants in the Higgs potential. Therefore, the mass degeneracy 
among the septet-like scalar bosons would be resolved. These mass splitting may give sizable 



contributions to the electroweak precision parameters as in the two Higgs doublet models [17|. The 
potential parameters are further bounded by perturbative unitarity and the vacuum stability. If 
the singly charged Higgs boson is light, it may be constrained by flavor data. The Higgs sector with 
the Higgs septet potentially has rich phenomena. It would be worth investigating furthermore [Q. 
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Appendix A: One loop integrals 

The loop functions used in the evaluation of the oblique parameters are listed below, 

2 1 2 2 2 9 

mz. + mf. mz.mf, m 
F^y= \ y - " \ ln^, (Al) 
2 — rriy niy 

^j.y . 9 / _ In — m?/ In ml 



QXV ^pxv 



-1 + ^^ % \ ^ , (A2) 

V mi — my J 



AG^ = G^^-G^^, (A3) 

1 / 4 m,?. In — rr?., In m?. + m?., \ 

F'^' = ( - — 1 i - h ^'') ' (A4) 

3 V 3 — my (m^ — my)'' / 

QxV ^ pxV + 4m2.(--^J_^ F-A. (A5) 
V (m^ — my)^ J 
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